Introduction
============

Clinically, peritoneal carcinomatosis represents an extreme form of cancer progression with a poor prognosis that is common in ovarian, colon and stomach cancer ([@b1-ol-0-0-3764]). Ovarian carcinoma is the fifth cause of mortality from gynecological cancer in women. Furthermore, \~70% of patients are diagnosed with peritoneal carcinomatosis at an advanced disease stage ([@b2-ol-0-0-3764],[@b3-ol-0-0-3764]). In colon cancer, \~8% of patients have isolated peritoneal seeding at the time of the primary surgery, and 25% of patients with recurrence have been found to exhibit peritoneal cavity metastasis ([@b4-ol-0-0-3764],[@b5-ol-0-0-3764]). A previous study showed that systemic chemotherapy or intraperitoneal (i.p.) chemotherapy alone had no significant effects on patient survival in the clinic ([@b6-ol-0-0-3764]). Therefore, novel therapeutic approaches are required to improve the therapeutic effects on peritoneal carcinomatosis.

An i.p. xenograft experimental model in nude mice simulates the process of peritoneal dissemination in intra-abdominal cancers. This model could be used to verify the effects of novel therapeutic strategies for peritoneal carcinomatosis in preclinical trials. A number of i.p. carcinomatosis mouse models had been established to study the processes of peritoneal dissemination and to verify the effects of novel therapeutic approaches since the first report of subcutaneous (s.c.) heterologous growth of human ovarian cancer tissue in nude mice ([@b7-ol-0-0-3764],[@b8-ol-0-0-3764]). In a number of these studies, human tumor cells were used for s.c injection. In other studies, following growth of the tumor to a suitable size, according to the experiment employed, the tumor was removed and cut into pieces or cell clusters for i.p. injection into nude mice ([@b8-ol-0-0-3764],[@b9-ol-0-0-3764]). Certain models were established by surgical implantation of fresh human tumor tissues or *in situ* injection of tumor cells obtained from homogenized human tumor tissues ([@b10-ol-0-0-3764],[@b11-ol-0-0-3764]), whereas other models were established by i.p. injection of specific human cancer cell lines directly or using depth immunodeficiency mice ([@b12-ol-0-0-3764],[@b13-ol-0-0-3764]). However, these aforementioned methods were complicated. A low success rate, a long latency period to develop palpable i.p. carcinomatosis and the requirement for surgery are the main obstacles in developing these models. The easiest method is to implant the usual human cancer cell lines directly into nude mice by i.p injection. However, it is difficult to achieve heterologous growth of human cancer cell lines in the abdominal cavity of nude mice by direct i.p. injection due to the non-specific immune response in the nude mice and the change of survival microenvironment for the human cancer cells. In our previous study, 1×10^7^ SKOV-3 and 6×10^6^ HCT-116 cells were directly implanted in order to establish ovarian peritoneal carcinomatosis and colorectal peritoneal carcinomatosis (CRPC) in the nude mice by i.p. injection. However, only a small number of tumor nodes were found in the mouse abdominal cavities in the CRPC model group. Also, mice in the ovarian peritoneal carcinomatosis group demonstrated a long latency period to develop little palpable i.p. carcinomatosis (unpublished data). These issues called for a more efficient way to establish a peritoneal carcinomatosis experimental model in the nude mice.

Numerous studies have highlighted that the tumor microenvironment, which is composed of structural \[extracellular matrix (ECM)\] and soluble extracellular substances (cytokines, proteases and hormones), as well as cellular components, including tumor cells, inflammatory cells, fibroblasts, and vascular and lymphatic endothelial cells. The microenvironment has a critical function in the pathogenesis of tumors, including tumor invasion and metastasis ([@b14-ol-0-0-3764]--[@b16-ol-0-0-3764]). Therefore, it is hypothesized that the establishment of peritoneal carcinomatosis in nude mice by direct i.p. injection of human cancer cells could become easier if the peritoneal cancer cell microenvironment was accustomed to the growth of human tumor cells.

ECM gel is a temperature-sensitive and reconstituted nutritional compound that has been widely used in cell cultures, tumor cell migration, angiogenesis and other biological experiments ([@b17-ol-0-0-3764]--[@b19-ol-0-0-3764]). ECM gel is prepared from mouse Engelbreth-Holm-Swarm sarcoma, which contains laminin as a major component, and collagen type IV, heparan sulfate proteoglycans and entactin as minor components ([@b19-ol-0-0-3764],[@b20-ol-0-0-3764]). ECM gel has been shown to enhance the s.c. tumor growth of nude mice ([@b21-ol-0-0-3764],[@b22-ol-0-0-3764]). We hypothesized that the ECM gel could also promote the formation of tumor tissues in the abdominal cavity of nude mice, since the ECM gel, which itself was obtained from nude mice, could promote the growth of human tumor cells with no immune rejection.

In the present study, liquid ECM gel solution was used to suspend human ovarian cancer SKOV-3 and colon cancer HCT-116 cells. Two stable and simple peritoneal tumor models were established in nude mice through implanting these cell/ECM gel suspensions into the abdominal cavity of the mice with high success rates. Next, the i.p. chemotherapy effect of irinotecan (CPT-11), an antitumor drug that is generally used for metastatic colon or rectal cancer treatment, was evaluated using the colorectal i.p. xenograft nude mouse model established by this method.

Materials and methods
=====================

### Drugs and cell culture

CPT-11 was purchased from Prizer Co. (Shanghai, China). The human ovarian cancer SKOV3 and colon cancer HCT-116 cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA) and cultured in Dulbecco\'s modified Eagle\'s medium (Gibco Life Technologies, Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal calf serum, 2 mM L-glutamine and 0.1 mg/ml amikacin. The cells were incubated in a humidified 5% CO~2~ atmosphere at 37°C and harvested during the logarithmic growth phase. The cells were then resuspended in phosphate-buffered saline (PBS) or ECM gel for i.p. injection.

### Animals

Female, 7--8-week-old, BALB/c athymic nude mice were purchased from the Laboratory Animal Center of Sichuan University (Chengdu, Sichuan, China) and acclimated for 1 week. The mice were caged in groups of five in an air-filtered laminar flow cabinet and fed with irradiated food and autoclaved reverse-osmosis treated water *ad libitum*. All procedures were performed under sterile conditions in a laminar flow hood. Animal experiments were conducted under guidelines approved by the Institutional Animal Care and Treatment Committee of Sichuan University ([@b23-ol-0-0-3764]), and the study was approved by the animal experiment ethics committee of West China Hospital, Sichuan University (Chengdu, China; approval no. 018).

### Establishment of i.p. xenograft models in nude mice

The suspended human ovarian cancer SKOV-3 cells were injected into the abdominal cavities of 18 nude mice using a needle with a length of 16 mm and a diameter of 0.45 mm. Specifically, 4×10^6^ cells in 200 µl PBS for the control group and 4×10^6^ cells in 200 µl cold liquid ECM gel (placed on ice early) for the experimental group were injected into 9 control mice and 9 experimental mice, respectively. In each group, 3 mice were randomly selected and sacrificed by cervical dislocation on the 10th, 25th and 30th days after i.p. inoculation. A total of 3×10^6^ human colon cancer HCT-116 cells were suspended in 200 µl PBS and 200 µl cold liquid ECM gel for the control and experimental groups, respectively. Next, the solutions were injected into the abdominal cavities of the 18 nude mice as aforementioned. To investigate the progression and characteristics of the i.p. xenografts, three mice were randomly selected for sacrifice by cervical dislocation on the 7th, 14th and 28th days after i.p. inoculation.

### Necropsy

The mice were dissected and observed macroscopically. Specifically, the sizes of the abdominal tumors and tumor nodes, and the locations of the tumors were recorded. Following this, the tumors were collected for histopathological analysis.

### Histopathological analysis

To establish the colorectal peritoneal carcinomatosis (CRPC) model, the colonic tumor node, the apparent masses in the abdominal cavity and the mesentery were stripped down on the 7th, 14th and 28th days, respectively, and then frozen with optimal cutting temperature (OCT) compound. The 5-µm frozen sections were obtained from the optimal cross-sectional surface of the masses. The sections were then stained with hematoxylin and eosin (H&E) and examined under light microscopy. For the ovarian peritoneal carcinomatosis model, when the mice were sacrificed on the 25th and 30th days, the apparent masses in the abdominal cavities of the nude mice were stripped down and frozen with OCT compound. The frozen section and H&E analysis were performed as aforementioned.

### In vivo antitumor evaluation of CPT-11 by the CRPC nude mice model

A CRPC therapeutic nude mice model was established and treated in a similar fashion. Briefly, 3×10^6^ HCT-116 cells were injected into the abdominal cavities of nude mice using a needle that was 16 mm in length, with a diameter of 0.45 mm. The mice were randomly divided into groups of five for control and experimental conditions after acclimation for 1 week (day 0). The mice of the test group were injected with i.p. CPT-11 at a dose of 10 mg/kg/day, whereas the mice in the control group were injected with i.p. normal saline (NS) at the same volume as the test group on days 0, 4 and 8 ([@b24-ol-0-0-3764],[@b25-ol-0-0-3764]). The body weights of all mice were measured every 3 days. The mice were sacrificed by cervical dislocation on the 21st day, when the tumor nodes and the weights of the peritoneal tumors were measured.

### Statistical analysis

Data are expressed as the mean ± standard deviation. An unpaired two-tailed t-test was performed to calculate significance differences using SPSS software (version 17.0; SPSS, Inc., Chicago, IL, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Dynamic progression of the ovarian i.p. xenografts

For the ovarian i.p. xenograft mice ([Fig. 1](#f1-ol-0-0-3764){ref-type="fig"}), at 10 days post-i.p. injection, 3 mice from each group were randomly selected and sacrificed. The mean number of tumor nodes was higher in the experimental group (6.3±2.5) than the control group (1.0±1.0) ([Table I](#tI-ol-0-0-3764){ref-type="table"}). No ascites or macroscopic tumors were found in the control or experimental subjects ([Fig. 1A](#f1-ol-0-0-3764){ref-type="fig"}).

At 25 days post-i.p. inoculation, no evident abdominal distension was observed in either model. However, all the mice in the experimental group (n=9) had developed palpable tumor masses in the abdominal cavities. A total of 3 mice from each group were randomly selected and sacrificed. The mean number of tumor nodes was higher in the experimental group (17.7±2.1) than the control group (3.3±1.5) ([Table I](#tI-ol-0-0-3764){ref-type="table"}). The largest tumor node in the experimental group was up to 17 mm in diameter, whereas in the control group, it was \<7 mm. The distribution of the tumor nodes was widespread, with locations that included the mesentery, the omentum, the intestinal surface, the retroperitoneum and around the pancreas ([Fig. 1B](#f1-ol-0-0-3764){ref-type="fig"}). Partial enlargement of the abdomen was also observed in the experimental subjects ([Fig. 1E](#f1-ol-0-0-3764){ref-type="fig"}).

The remaining mice (n=6) were sacrificed at 30 days post-i.p. inoculation. Despite the bigger palpable tumor masses observed in the abdominal cavities of the experimental subjects, the general characteristics of the abdomens in these two groups were not significantly different compared with the mice sacrificed on the 25th day. Again, the mean number of tumor nodes was higher in the experimental group (21±3) compared with the control group (3.6±2.5) ([Table I](#tI-ol-0-0-3764){ref-type="table"}). The tumor nodes in the experimental subject had developed up to 24 mm in diameter ([Fig. 1C](#f1-ol-0-0-3764){ref-type="fig"}).

### Dynamic progression characteristics of colorectal i.p. xenografts

For the colorectal i.p. xenograft mice, 3 mice from each group were randomly chosen and sacrificed at 7 days post-i.p. inoculation. No ascites or macroscopic tumors were observed in the mice of either group. However, several small tumor nodules of \<1 mm diameter were found on the mesentery of one experimental subject ([Fig. 2A](#f2-ol-0-0-3764){ref-type="fig"}). The mean numbers of tumor nodes are shown in [Table I](#tI-ol-0-0-3764){ref-type="table"}.

A total of 3 mice from each group were randomly chosen and sacrificed at 14 days post-i.p. inoculation. Tumor masses were observed in the abdominal cavities of two experimental subjects ([Fig. 2B](#f2-ol-0-0-3764){ref-type="fig"}). The mean numbers of tumor nodes are shown in [Table I](#tI-ol-0-0-3764){ref-type="table"}.

Marked abdominal distension was observed in the mice of the experimental group at 28 days post-i.p. inoculation. Furthermore, two of the mice had developed numerous bloody ascites. Meanwhile, as expected, marked abdominal distension and bloody ascites were not found in the control subjects ([Fig. 2C](#f2-ol-0-0-3764){ref-type="fig"}).

### Histopathological analysis

In order to determine whether the intra-abdominal nodes observed were actually tumorous, H&E staining of the frozen ovarian and colorectal i.p. xenograft tumor node sections were performed. Microscopic analyses of the specimens were conducted to determine the tumorous identity. For the CRPC model, the tumor nodes on the colons of the mice of the experimental group sacrificed on the 7th day, the apparent masses in the abdominal cavities of the nude mice sacrificed on the 14th day and the masses on the mesenteries of the nude mice sacrificed on the 28th day were stripped down for the H&E staining of frozen sections. For the ovarian peritoneal carcinomatosis model, when the mice were sacrificed on the 25th and 30th days, the apparent masses in the abdominal cavities of the nude mice in the experimental group were stripped down for the H&E staining of frozen sections. The microscopic observations of the H&E staining (×100 magnification) of these abdominal cavity masses are shown in [Fig. 1D](#f1-ol-0-0-3764){ref-type="fig"} and [2D](#f2-ol-0-0-3764){ref-type="fig"}. The staining analysis confirmed that these intra-abdominal nodes in the ovarian and colorectal i.p. xenografts were tumor tissue.

### In vivo antitumor evaluation of CPT-11 in the CRPC nude mice model

To determine whether the i.p. xenograft nude mouse models could be efficient as preclinical therapeutic models, an additional experiment using the colorectal i.p. xenograft nude mouse model was performed to evaluate the i.p. chemotherapy effect of CPT-11. CPT-11 was most active against this i.p. xenograft nude mouse model at a dose of 10 mg/kg/day, administered 3 times every 4 days ([Fig. 3](#f3-ol-0-0-3764){ref-type="fig"}). The size of the tumor nodes in the CPT-11 treatment group was significantly smaller than that of the NS group ([Fig. 3A and B](#f3-ol-0-0-3764){ref-type="fig"}). The total weight of the peritoneal tumor nodes in the CPT-11 treatment group (0.81±0.16) was significantly less than that of the NS group (2.18±0.21; P\<0.05; [Fig. 3C](#f3-ol-0-0-3764){ref-type="fig"}). All the tumor nodes in the two groups were counted and marked as shown in [Fig. 3E](#f3-ol-0-0-3764){ref-type="fig"}. The mouse body weights were monitored every 4 days, and there was a significant difference in weight between the NS and CPT-11 groups (P\<0.05; [Fig. 3D](#f3-ol-0-0-3764){ref-type="fig"}).

Discussion
==========

Peritoneal carcinomatosis is a secondary cancer that occurs when cancer cells metastasize from other areas of the body and implant into the abdominal cavity. Conventional chemotherapy methods, including systemic chemotherapy or i.p. chemotherapy alone, exhibit no significant effects on survival in the clinic ([@b26-ol-0-0-3764]). Novel drugs and chemotherapy approaches are required to improve the therapeutic effects of peritoneal carcinomatosis. Nude mouse i.p. xenograft experimental models simulate the process of peritoneal dissemination in intra-abdominal cancers and could be used to verify the therapeutic effects of novel drugs and treatment approaches for pre-clinical evaluations. The easiest method for establishing the i.p. xenograft experimental model in nude mice is to directly implant the human cancer cell lines into the abdominal cavity of nude mice. However, the heterologous growth of human single cancer cells in the abdominal cavity of nude mice is difficult to achieve, with obstacles such as the residual non-specific immune function in nude mice that are difficult to overcome ([@b27-ol-0-0-3764]). One previous study indicated that a tumor tissue mass could grow well in the abdominal cavity of nude mice, but would require surgery and wounding of the mice ([@b28-ol-0-0-3764]). In the present study, to enable the growth of the cells and the progression into a tumor tissue mass, liquid ECM gel was used to suspend the human ovarian cancer SKOV-3 cells and the human colon cancer HCT-116 cells. Two nude mouse peritoneal tumor models were established by i.p. injection to implant these ECM gel cell suspensions into the abdominal cavities of the nude mice ([Figs. 1](#f1-ol-0-0-3764){ref-type="fig"} and [2](#f2-ol-0-0-3764){ref-type="fig"}).

Liquid ECM gel (2--8°C) functions in a similar manner as PBS to suspend cells sufficiently. When the cell suspensions are injected into the abdominal cavities of nude mice, the PBS cell suspension is distributed in the form of single cells within the abdominal cavity, whereas the ECM gel cell suspension is distributed in the form of a cell mass due to the fact that the ECM gel forms into a jelly at 37°C ([@b29-ol-0-0-3764]). ECM gel is a mixture of ECM proteins produced by a mouse sarcoma cell line *in vivo*. The ECM gel is rich in laminin and collagen IV, which could stimulate tumor cell adhesion and motility. Therefore, cells in the ECM jelly could adhere to the surface of the mouse intestines and peritoneum more easily than when in the form of single cells. As they are surrounded by an outer layer of ECM gel, cells in the ECM jelly could more easily avoid the attacks from natural killer cells, monocytes and macrophages.

ECM gel also provides a good microenvironment for tumor growth. Liquid ECM gel cell suspension undergoes thermal-activated polymerization at 20--40°C when injected into the abdominal cavities of nude mice to form a reconstituted jelly anchoring a high density of tumor cells. Cells that are in contact with each other within the ECM gel are conducive to cells growth and signal transduction. The ECM jelly, including laminin as a major component, and collagen type IV, heparan sulfate proteoglycans and entactin as minor components, is also a rich store of angiogenic and tumor growth factors ([@b30-ol-0-0-3764]). For example, certain fragments of laminin-1, collagen IV and other matrix proteins can increase angiogenesis, tumor growth and metastasis ([@b31-ol-0-0-3764],[@b32-ol-0-0-3764]).

Currently, the CRPC mouse model, established by the injection of the mouse colon cancer CT-26 cell line into the abdominal cavity of BALB/c mice, is widely used to evaluate the i.p. chemotherapy effect of novel i.p. chemotherapy strategies ([@b33-ol-0-0-3764]). However, the application of a CRPC nude mouse model established using human cancer cells is rare. In the present study, an additional experiment was performed using the colorectal i.p. xenograft nude mouse model to evaluate the i.p. chemotherapy effect of CPT-11. Our previous study using the ovarian i.p. xenograft nude mouse model established by this method was also performed to evaluate the anticancer effect of T-DM1, an antibody drug conjugate ([@b34-ol-0-0-3764]). These results also confirmed that the i.p. xenograft nude mouse models established in this method are efficient and available preclinical therapeutic models for intra-abdominal cancers.
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![Macroscopic and microscopic observation of ovarian intraperitoneal xenografts in nude mice sacrificed on the 10th, 25th and 30th days. Macroscopic and representative images of mice from the PBS and ECM groups sacrificed on (A) the 10th day, (B) the 25th day, and (C) the 30th day, with black arrows indicating the representative tumor nodule. (D) Microscopic observation of H&E staining of frozen sections (×100 magnification) of the tumor nodules indicated by the black arrows on the 25th and 30th day, respectively. (E) Magnified image showing the peritoneal cavity of the mouse from the ECM group, as indicated by the black arrow, on the 25th day. ECM, extracellular matrix; PBS, phosphate-buffered saline; H&E, hematoxylin and eosin.](ol-10-06-3450-g00){#f1-ol-0-0-3764}

![Macroscopic and microscopic observation of colorectal intraperitoneal xenografts in nude mice sacrificed on the 7th, 14th and 28th days. Macroscopic and representative images of mice from the PBS and ECM groups sacrificed on (A) the 7th day, (B) the 14th day and (C) the 28th day, with black arrows indicating the representative tumor nodules. (D) Microscopic observation of the H&E staining of frozen sections (×100 magnification) of the tumor nodules indicated by the black arrows on the 10th, 14th and 28th days. ECM, extracellular matrix; PBS, phosphate-buffered saline; H&E, hematoxylin and eosin.](ol-10-06-3450-g01){#f2-ol-0-0-3764}

![Antitumor evaluation of CPT-11 performed in a colorectal peritoneal carcinomatosis nude mouse model *in vivo*. (A) Macroscopic observation of mice sacrificed on the 21st day in the NS control and CPT-11 groups. (B) Macroscopic observation of total tumor nodules of the mice in the NS control and CPT-11 groups. (C) Total weight of peritoneal tumor nodules in the NS control and CPT-11 groups. (D) Body weights of mice were monitored every 4 days. (E) Numbers of tumor nodes in the NS control and CPT-11 groups. \*P\<0.05. CPT-11, irinotecan; NS, normal saline.](ol-10-06-3450-g02){#f3-ol-0-0-3764}

###### 

Dynamic progression of i.p. xenografts of human ovarian and colorectal cancer in nude mice at different time-points post-i.p. injection.

  Cell line   Day   Tumor nodes in ECM group, n^[a](#tfn1-ol-0-0-3764){ref-type="table-fn"}^   Tumor nodes in PBS group, n^[a](#tfn1-ol-0-0-3764){ref-type="table-fn"}^
  ----------- ----- -------------------------------------------------------------------------- --------------------------------------------------------------------------
  SKOV-3      10      6.3±2.5^[b](#tfn2-ol-0-0-3764){ref-type="table-fn"}^                     1.0±1.0
              25    17.7±2.1^[b](#tfn2-ol-0-0-3764){ref-type="table-fn"}^                      3.3±1.5
              30    21.0±3.0^[b](#tfn2-ol-0-0-3764){ref-type="table-fn"}^                      3.6±2.5
  HCT-116       7     8.0±2.6^[b](#tfn2-ol-0-0-3764){ref-type="table-fn"}^                     1.7±0.8
              14    13.0±2.0^[b](#tfn2-ol-0-0-3764){ref-type="table-fn"}^                      3.0±1.0
              28    \>50^[b](#tfn2-ol-0-0-3764){ref-type="table-fn"}^                          5.0±1.5

Mean ± standard deviation.

P\<0.05 vs. PBS group. i.p., intraperitoneal; ECM, extracellular matrix; PBS, phosphate-buffered saline.
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